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64-Mb/s Data Transmission Beyond the Relaxation
Oscillation Frequency Using Monolithically Integrated Two Laterally Coupled Diode Lasers P. Acedo, Member, IEEE, H. Lamela, Member, IEEE, G. Villaseca, R. Santos, J. P. Vilcot, and M. Pessa Abstract-In this letter, we demonstrate the possibility of using two monolithically integrated laterally coupled diode lasers for data transmission beyond the intrinsic relaxation oscillation frequency of semiconductor lasers. The resonance of the lateral modes of such structure provides a peak in the small signal modulation response of the device above the relaxation oscillation frequency of the intrinsic emitters that is studied in terms of relative intensity noise and phase noise to characterize this new, simple, and compact device. Optical transmission of a 64-Mb/s pseudorandom bit sequence signal using a microwave carrier over this resonance peak of the lateral modes above the relaxation oscillation is demonstrated for the first time to our knowledge.
Index Terms-Optical communication, semiconductor lasers.

I. INTRODUCTION
T HE development of compact low-cost semiconductor optical sources for the millimeter-wave (mm-wave) radio band in radio-over-fiber systems is of great importance motivated to a large extent by potential applications such as phased array antennas [1] , mm-wave indoor fiber-based microcellular systems [2] , antenna remoting, signal processing, and beam forming [3] . There exist a number of techniques available for optical modulation at mm-wave frequencies which can be classified in broad-band techniques such as direct modulation of semiconductor lasers or those including external modulators [4] and narrow-band techniques such as optical heterodyning [5] and resonant enhancement narrow-band modulation [6] , [7] .
In the first case, broad-band techniques, direct modulation schemes for semiconductor diode lasers have been reported up to 40 GHz at 1.1 m [8] and up to 30 GHz at 1.55 m [9] using multiquantum-well lasers. This method has the disadvantage that it requires specially designed lasers and they have to be operated at their higher power levels. On the other hand, traveling wave external modulators with 3-dB electrical bandwidth in excess of 40 GHz have been reported [4] . The disadvantages of such schemes are their high optical insertion losses and high drive voltage. The second type of techniques (narrow-band) is very attractive for mm-wave applications because in most cases only a relatively narrow bandwidth centered at high frequencies is required. Optical heterodyning techniques have been successfully used [5] , but they require special control schemes to obtain a spectrally pure microwave heterodyne signal (due to the temperature and current dependence of the frequency emission of narrow linewidth diode lasers). Alternative methods have been proposed and demonstrated, based on the enhancement of the diode laser frequency response taking advantage of the longitudinal modes resonance [6] , [7] , that overcome the limitation imposed by the intrinsic frequency response of the semiconductor laser direct modulation bandwidth, at the expenses of a narrow-band response.
In this letter, we present a new scheme for narrow-band direct modulation of diode lasers using two laterally coupled diode lasers [10] . It is a compact and low-cost solution that uses two stripe diode lasers closely fabricated in the same wafer for lateral coupling. In these devices, each ridge mode overlaps with its neighbor and they combine to form a set of two lateral modes for each longitudinal mode of the diode lasers being the frequency difference for the lateral modes smaller than the longitudinal mode spacing. Efficient signal generation is achieved modulating at the lateral mode spacing and experimental validation of transmission bandwidth beyond the intrinsic relaxation oscillation of the emitters has been obtained [11] . In this work, we show for the first time to our knowledge the use of monolithically integrated laterally coupled Fabry-Pérot diode lasers as a compact and low-cost mm-wave semiconductor optical source with the demonstration of data transmission using one of these laterally coupled diode lasers (LCDL) devices developed within the European Project FALCON [12] .
This letter is structured as follows. We will start with the description of the small signal modulation response of these new devices where the resonance due to the coupling of the lateral modes is identified as a second resonance peak beyond the relaxation oscillation frequency. We will follow with the characterization of this second peak in the modulation small signal response in terms of relative intensity noise (RIN) and phase noise to assess the feasibility of using a microwave carrier centered at that frequency for signal transmission. Finally, a subcarrier data transmission experiment is proposed and described that incorporates a laterally coupled semiconductor diode laser as an optical source. Optical transmission of a 64-Mb/s pseudorandom bit sequence (PRBS) signal using a microwave carrier centered in the second resonance peak is demonstrated. 
II. USE OF LCDL FOR TRANSMISSION OF MICROWAVE SIGNALS
In Fig. 1 , we show the small signal frequency response of an LCDL device determined by measuring the scattering parameter with a Hewlett Packard 8720ES (50 MHz-20 GHz) S-parameter network analyzer. In Fig. 1 , we can see that when both ridges of the monolithic device are biased above threshold, and due to the coupling between both emitters, a second peak beyond the intrinsic relaxation oscillation frequency (which for this particular device is 7.66 GHz) appears in the modulation response [11] . The position of this peak in the small signal response equals the frequency spacing of the lateral modes and its actual value depends on the fabrication parameters such as ridge length and width when the two lateral modes are mode-locked [13] . This is the case for the LCDL sample used for the present study labeled as K1 (510-m ridge length, 3.6-m ridge width, and 2.76-m ridge separation) that has both lateral modes phase-locked for all bias conditions and the second resonance peak frequency remains constant [11] . In [13, Figs. 3 and 6] , the influence of such fabrication parameters on the second resonance frequency is studied for this case of mode-locking of lateral modes.
As mentioned earlier, the objective of the present work is to study the application of LCDL devices for millimeter lightwave communication systems using the second resonance peak shown in Fig. 1 . In this sense, and prior to signal transmission validation, we have studied the characteristics of this resonance peak in terms of RIN degradation and single-side band (SSB) phase noise. These parameters will be used as a measurement of the quality of the signal transmitted in this second peak and are very important in order to assess these devices for applications, for example, where the carrier frequency would be distributed in the second resonance peak of the LCDL and subcarrier data signals in the low frequency part of the small signal response (as optical control of phase arrays antennas [14] ).
For this reason, in Table I , we summarize the measured RIN at the resonance peak ( GHz for all bias conditions) for several bias currents when both ridges are equally biased . Comparison of these results to the RIN for the low frequency region (below the intrinsic oscillation relaxation frequency, GHz) are also presented in terms of RIN degradation ( in Table I ). As we can see, the penalty for using this second peak for signal transmission in terms of RIN has a value around 10 dB for all the bias currents studied with a measured maximum degradation of 14 dB. Several bias current scenarios were studied varying independently the injection for both ridges. The data obtained allowed us to identify the bias condition (both ridges with equal current) as the optimum case in terms of RIN degradation and so the results shown in Table I are for this bias condition . The assessment studies for these LCDL devices for signal transmission continued with the study of the SSB phase noise degradation added to a microwave carrier introduced in the second resonance peak. In Fig. 2 , we show the evolution of the residual phase noise measured at 10-kHz offset frequency from a microwave carrier of GHz (centered in this second peak in the small signal response). The measurements were done with a Hewlett Packard 8593E (9 kHz-22 GHz) Spectrum analyzer. From the results shown in Fig. 2 , we can conclude two things. First, the maximum SSB degradation is the only 6 dB (the straight line in this Fig. 2 shows the SSB phase noise floor of the continuous-wave (CW) generator used, HP 83712A, that is 84 dBc/Hz for the test frequency GHz) and, second, an improvement of almost 5 dB is obtained when working at high injection currents.
III. 64-Mb/s DATA TRANSMISSION USING THE SECOND RESONANCE PEAK OF AN LCDL
In Fig. 3 , we show the experimental setup used to demonstrate data transmission using the second resonance peak of an LCDL. A 7.66-GHz microwave carrier fixed to the second resonance frequency of the LCDL (Local Oscillator in Fig. 3 ) is modulated with a 64-Mb/s PRBS with the aid of a mixer. This modulated signal is introduced in one of the ridges of the LCDL with the aid of a Bias T. Injection currents for both ridges are independently controlled and kept constant to the same value to work in the optimum conditions previously identified to optimize RIN and SSB phase noise degradation. The output light is butt-coupled directly to a single mode fiber.
The output light from the optical fiber is detected by a highspeed InGaAs Schottky photodiode (NEW FOCUS 1434). The recovered signal is then amplified (Minicircuits ZRON-8G) and filtered with a coupled-line bandpass filter before down-conversion. As we can see also in Fig. 3 , the same local oscillator used in transmission is used to obtain the base-band signal. After low-pass filtering and amplification, the output signal is displayed on a high-speed 50-GHz sampling oscilloscope (Tektronix CSA 8000B).
To validate the proper 64-Mb/s PRBS signal transmission using this narrow-band resonance peak of such LCDL devices, we show in Fig. 4 the eye diagram (infinite persistence) at the output of the system described in Fig. 3 . In this figure, we can identify a wide open eye and a -factor of 13 is measured, predicting a bit-error rate (BER) much better than (error free) for a power level of 13 dBm (see Fig. 4 ). As we are able to couple up to 3 dBm of the laser output in the fiber for the optimum case, we have predicted the possibility of maintaining a transmission with a BER of at least for distances around 50 km with a single-mode fiber at the emission wavelength of the LCDL nm . It is worth noting that this is the first time that signal transmission has been demonstrated using this monolithically low-cost laterally coupled structures.
IV. CONCLUSION
We have experimentally demonstrated the feasibility of data transmission using the second resonance peak of laterally coupled diode lasers (LCDC). These new compact monolithically integrated devices demonstrate a new method for narrow-band transmission of microwave and mm-wave signals above the intrinsic relaxation oscillation frequency that fixes the maximum modulation bandwidth of simple and low-cost Fabry-Pérot semiconductor lasers. In this work, a 64-Mb/s error-free transmission has been demonstrated using the second resonance peak of such devices.
